INTRODUCTION
We consider B → V 1 V 2 decays (V i is a vector meson). Since the final-state particles are vector mesons, when the spin of these particles is taken into account, this decay is in fact three separate decays, one for each polarization (one longitudinal, two transverse). Naively, within the standard model (SM), the transverse amplitudes are suppressed by a factor of size m V /m B (V is one of the vector mesons) with respect to the longitudinal amplitude. Then one expects the fraction of transverse decays, f T , to be much less than the fraction of longitudinal decays, f L .
However, it was observed that these two fractions are roughly equal in the decay B → φK * : f T /f L ≃ 1 [1, 2, 3] A similar effect was later seen in B → ρK * decays [4] .
If one goes beyond the naive SM, there are two explanations [5] which account for this "polarization puzzle." The first is penguin annihilation (PA) [6] . B → φK * receives penguin contributions,bOsqOq, where q = u, d (O are Lorentz structures, and color indices are suppressed). With a Fierz transformation, these operators can be written asbO ′ qqO ′ s. A gluon can now be emitted from one of the quarks in the operators, and can then produce a pair of s,s quarks. These then combine with thes,uarks to form the final states φK * + (q = u) or φK * 0 (q = d). These are annihilation contributions. Normally such terms are expected to be small as they are higher order in the 1/m b expansion, and thus ignored. However, within QCD factorization (QCDf) [7] , it is plausible that the coefficients of these terms are large [6] . (Within perturbative QCD [8] , the penguin annihilation is calculable and can be large, though it is not large enough to explain the polarization data in B → φK * [9] .)
In QCDf, due to the appearance of endpoint divergences, PA is not calculable, but is modeled [7] . These divergences are regulated with a cut-off, introducing several arbitrary parameters. There is therefore an enormous uncertainty in the size of the PA amplitude as one varies these unknown parameters within certain chosen limits [10] .
It is also possible within QCDf that the transverse amplitudes receive significant contributions from perturbative rescattering from charm intermediate states. However, the transverse amplitudes could be purely dominated by PA. In this paper we explore the consequences of the scenario in which PA contributions are large and dominant to see what type of testable predictions result.
The second SM explanation is rescattering [11, 12] . The idea is that nonperturbative rescattering effects involving charm intermediate states, generated by the operatorbO ′ ccO ′ s, can produce large transverse polarization in B → φK * . A particular realization of this scenario is the following [11] . Consider the decay B + → D this will lead to B + → φK * + with large f T /f L . (A similar rescattering effect can take place for B 0 d → φK * 0 .) It is important to test these explanations in order to determine whether new physics is or is not present. The polarization puzzle has been mainly seen inb →s transitions. However, if PA or rescattering is the true explanation, one also expects to observe large f T /f L inb →d decays. In Ref. [5] such decays were discussed, and it was observed that the most promising transitions were those which are dominated by penguin amplitudes. Theb →s andb →d penguin decays arē
(Decays which also receive tree contributions are not included in the current analysis.) Now, all of these decays are the same under flavor SU(3), which treats d, s and u quarks as equal. The idea is that, given a measurement of the polarization in one decay, one can predict the polarization in another decay using PA or rescattering. However, in relating the two decays, the effect of SU(3) breaking must be included. We can relate the transverse amplitudes of SU(3)-related decays in the scenario in which PA dominates these amplitudes. On the other hand, this relation is unknown in rescattering, which involves long-distance contributions. For this reason, in this paper we consider only PA.
We note that the transverse (A ,⊥ ) and helicity amplitudes (A ± ) are related by A ,⊥ = (A + ± A − ) / √ 2. However, A − for B decays (Ā + forB decays) has an extra spin-flip O(1/m b ) suppression with respect to A + (Ā − ). Consequently, we neglect A − (Ā + ) and henceforth define 
where b
and b
are the QCDf terms corresponding to PA [10] . Throughout the paper, we have dropped the overall factor of G F / √ 2. (Absolute values are taken for the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements because we are not interested in CP-violating observables here, but rather the rate.)
As noted earlier, QCDf also contains the (perturbative rescattering) term α 4 which can contribute here. It is the coefficient of the (V − A) ⊗ (V − A) piece in the operator product expansion. However, the effect of α 4 could be small in the transverse amplitude because of spin flips. Consequently, it is reasonable to ignore α 4 in pure penguin decays, and we do so here.
The annihilation coefficient b 3 is given by [10] 
where N c is the number of colors, the C i are Wilson coefficients, and the incalculable infrared divergences are found in the A i,f k (due to the endpoint singularity of the final-state distribution amplitudes). The superscripts 'i' and 'f ' refer to gluon emission from the initial-and finalstate quarks, respectively. The subscript '1' refers to the Dirac structure (V − A) ⊗ (V − A), while '3' refers to the Dirac structure (−2)(S − P ) ⊗ (S + P ).
The annihilation coefficient b 4 is
Here,
and the third term in b
can be neglected in Eq. (2). Now, if we assume that the term containing A
dominates over the others (as we will see below, the error on this approximation is at the level of only a few percent), we find that
where
has the following integral form [10] :
Here φ ⊥ (φ a,b ) is the twist-2 (twist-3) light-cone distribution amplitude, x (y) stands for the momentum fraction carried by the quark in V 1 (V 2 ), and r
It is useful to make a comment concerning the appropriate interpretation of Eq. (6): if aK * is one of the final particles, the argument of the distribution amplitudes (DAs) is the momentum fraction corresponding to the s quark, whereas for a K * meson, it is the momentum fraction of the d quark. That is, the DAs are defined as φ K * (z) = φK * (z), wherez ≡ 1 − z.
In order to estimate the ratio of the transverse amplitudes in Eq. (5), we need to know the amount of SU(3) breaking in the ratio of A 
3
. To do this, further assumptions are necessary. In what follows, we adopt the same assumptions as those used by the authors of Ref. [10] to carry out their study:
1. the asymptotic form of the light-cone distribution (LCD) amplitudes, 2. a universal parametrization of the end-point singularities, i.e. independent of any particular decay mode, 3. a modeling of the singularities.
It is the first point about which there has been some debate. Certain references have calculated higher-order moments in the LCDs, suggesting that such "nonasymptotic LCDs" are important for some light mesons [14] . If so, then SU(3) breaking in these non-asymptotic pieces will also contribute to the ratio in Eq. (5). Unfortunately, this SU(3) breaking is not calculable, in which case our analysis below will not hold. Equally unfortunately, it is very difficult for experiment to determine which type of LCD is present [15] . Thus, the reader should be aware that our predictions are not only a test of PA dominance, but also of asymptotic LCDs. Now, the DAs for the final states are universal in the asymptotic limit, i.e. φ ⊥ (x) = 6xx and φ a (x) = φ b (x) = 3x
2 . Thus, in this approximation, we find that A have exactly the same dependence on x and y [Eq. (6)]. In this case, the ratio between the transverse amplitudes becomes
where [16] , f φ = 221 ± 3 MeV [13] , and f K 0 * = 218 ± 4 MeV [13] . The values of f The key ingredient in the above analysis is to take two decays in which the final states have the same dependence on the momentum fractions x and y. However, although the pair of decays considered above is the most promising for the analysis, it is not unique. In fact, all decays in a special class have the same dependence on x and y. This class containsb(B The important point here is that the dependences on the momentum fractions in A f 3 are the same for every decay belonging to this class. Therefore, in the comparison of any two of these decays, the integrals containing the singularities cancel in the ratio of the transverse amplitudes, and this even before using a cutoff to regulate the end-point divergences.
Of course, the size of the SU(3) breaking will depend on the pairs of decays considered [see Eq. (8) 
The pair B 0 s → φK 0 * and B + → K + * K 0 * can be treated similarly.
An important consequence of the above discussion is that it is not possible to get cancellations in the A 1) in terms ofb →d orb →s transitions, motivated by the apparent predominant role played by theb →s transitions in the polarization puzzle. However, as shown above, this is not the most natural way to classify the decays in order to achieve the most reliable predictions for penguin annihilation within QCDf.
We now turn to the estimation of errors in Eqs. (8) and (9) In passing, we note the following. Previously, we mentioned that we use the same assumptions as those in Ref. [10] . Although we work within the same restricted theoretical framework as this reference, and although it is true that the size of the error in our predictions could be affected by large uncertainties related to the choice of this particular scenario, we emphasize that our results go beyond the analysis made in Ref. [10] . There, due to the parametrization of the infinities, the uncertainties in the individual transverse amplitudes turn out to be at the level of one hundred percent for most of the decay channels [19] . Instead, we show here that it is possible to obtain more accurate predictions with the same theoretical inputs used in the treatment of the divergent integrals when specific decays are compared.
To illustrate the procedure used in the estimation of errors, we focus on the first pair, B We first write the A f,i 1,3 after the parametrization of the infrared divergences is applied [10] 
We see that A 
Here, Λ h is an input parameter (Λ h = 0.5 GeV [10] ), and φ A is an arbitrary phase. We have taken Λ h , φ A , and ρ A to be the same for every decay mode.
To study the relative significance of b 4 and the neglected terms in b 3 , we evaluate the following ratios [Eqs. (3) and (4)]:
is zero). Although the values of these ratios are quite uncertain, in large part due to the (arbitrary) value of Λ h , in virtually all cases it is found that |r
One can see this as follows. First, the ratios of the relevant Wilson coefficients in Eq. (12) at µ = m b /2 are as follows [7] : We evaluate the three ratios in Eq. (12) by considering many different values in the ranges 0 ≤ ρ A ≤ 2 and 0 ≤ φ A ≤ 2π. We find that |r
| ≪ 1 always, except for a singular behavior at φ A = 0, 2π. The largest contribution to the error arises from r (V 1 V 2 ) b4 but it remains at the level of a few percent within the scanned region of the parameter space. Thus, we have covered a wide set of models of the infrared singularities. The point here is that, although the precise values of the ratios are very uncertain, they are always small.
We therefore conclude that the PA dominance hypothesis leads to a clean prediction for the ratio of transverse amplitudes in the pair B Above, we have presented the ratio of A T 's for two pairs of decays. However, it is perhaps better to present a ratio of f T 's since this is what will actually be measured. A T and f T are related by including information about the branching ratio (BR): f T = |A T | 2 /(Γ BR/P S), where Γ is the total width and P S is the phase space. We find
. (14) The f T is defined as f T = 1 − f L . To summarize, a large f T /f L has been observed in severalb →s B → V 1 V 2 decays. There are two explanations of this measurement within the standard model -penguin annihilation (PA) and rescattering. Now, one logically also expects to see a large f T /f L in certainb →d decays. The most promising decays are those dominated by penguin amplitudes, and there are quite a fewb →d andb →s penguin decays. All of these are equal under flavor SU(3) symmetry. Given the measurement of f T /f L in one decay, if one wishes to predict f T /f L in another decay, it is necessary to take SU(3) breaking into account. However, it is only within a specific scenario of PA dominance for the transverse amplitudes, and for special classes of decay pairs, that this SU(3) breaking can be estimated. We therefore assume that it is PA alone which is the source of the large transverse polarization and explore its consequences.
We find that there are several decay pairs for which PA makes a reasonably precise estimate of the SU(3) breaking (assuming asymptotic LCDs). Thus, given the measurement of f T /f L in one decay, PA makes a prediction for the transverse polarization in the second decay. In this paper we have concentrated on two decay pairs that involve B 
